Dietary polyphenols are bioactive molecules that beneficially affect human health, due to their anti-oxidant, anti-inflammatory, cardio-protective and chemopreventive properties. They are absorbed in a very low percentage in the small intestine and reach intact the colon, where they are metabolized by the gut microbiota. Although it is well documented a key role of microbial metabolism in the absorption of polyphenols and modulation of their biological activity, molecular mechanisms at the basis of the bacteria-polyphenols interplay are still poorly understood. In this context, differential proteomics was applied to reveal adaptive response mechanisms that enabled a potential probiotic Lactobacillus acidophilus strain to survive in the presence of the dietary polyphenol rutin. The response to rutin mainly modulated the expression level of proteins involved in general stress response mechanisms and, in particular, induced the activation of protein quality control systems, and affected carbohydrate and amino acid metabolism, protein synthesis and cell wall integrity. Moreover, rutin triggered the expression of proteins involved in oxidation-reduction processes.This study provides a first general view of the impact of dietary polyphenols on metabolic and biological processes of L. acidophilus.
Introduction
Dietary polyphenols are bioactive molecules that exert beneficial effects on human health, due to their anti-oxidant, anti-inflammatory, cardio-protective and chemopreventive properties [1, 2] . These compounds are secondary plant metabolites found in different vegetables, fruits and beverages such as tea and wine [3] . They are usually classified in flavonoids (whose structures contain two benzene rings linked through a heterocyclic pyrone ring) and nonflavonoid phenolics, a heterogeneous group comprising benzoic acids, stilbenes, lignans, hydrolyzable tannins, gallotannins and ellagitannins. Moreover, polyphenols may be conjugated in nature with various carbohydrates and organic acids. Among flavonols, a class of flavonoids, quercetin is one of the most abundant found in several food matrices, and extensively studied for its relevant biological properties [4] . Rutin (quercetin-3-O-rutinoside) is one of the main glycoconjugated forms of quercetin present in planta, and its antioxidant properties and pharmacological benefits for the treatment of chronic diseases such as cancer, diabetes, hypertension and hypercholesterolemia have been recently reviewed [5] .
During digestion, polyphenols are absorbed in a very low percentage in the small intestine and reach intact the colon, where they are metabolized by gut microbiota. The transformation of polyphenols occurs via a complex set of chemical reactions (deglycosylation, demethylation, dehydroxylation, decarboxylation and reduction) and leads to the production of a relatively limited number of metabolites, mainly small phenolic acids, regardless of the complexity of natural polyphenols [6] [7] [8] .
However, microbial metabolism is not only required for polyphenol absorption but also modulates their biological activity. Phenolic compounds produced by the microbial degradation could exhibit an enhanced bioavailability or biological activity compared to those of the native compounds and, in turn, these metabolites could modulate microbiota composition via their antimicrobial activity or pathogen inhibition. Notwithstanding the well documented impact of polyphenols on human health, molecular mechanisms at the basis of the bacteria-polyphenols interaction are still poorly understood and few intestinal bacterial species involved in their metabolism have been identified so far [8, 9] . Bifidobacteria and lactobacilli, components of gut microbiota, seemed to be involved in polyphenol degradation as they produced different glycosyl-hydrolases able to efficiently hydrolyze glycoconjugated polyphenols [10] . In particular, the rhamnosidase from Lactobacillus acidophilus was able to efficiently degrade flavanone and flavonol glycosides such as hesperidin, naringin and rutin [11] . Therefore, as lactobacilli might contribute to bioavailability and absorption of these compounds, it is crucial to gain insight into the potential interaction between these microorganisms and polyphenols.
A few proteomic studies were carried out to address the effects of polyphenols on lactobacilli metabolism and investigate the molecular mechanisms adopted by these bacteria to grow in the presence of polyphenols. Response mechanisms to tannic acid have been examined in L. hilgardii and L. plantarum [12] [13] [14] . Rivas-Sendra and coworkers highlighted cytoplasmic proteins presumably involved in the response of L. casei BL23 to p-coumaric acid [15] .
As to L. acidophilus, proteomic studies were performed to assess how environmental stresses affected microbial metabolism [16, 17] , and to obtain a quantitative profile of bacteriocins present in probiotic preparations [18] . Regarding the probiotic properties of these bacteria, proteins involved in adhesion to intestinal epithelial cells [19, 20] and in immunomodulation [21] or associated with the ability of L. acidophilus to reduce serum cholesterol [22] have been identified. Furthermore, changes in protein expression induced by the prebiotic lactitol have been reported [23] . On the other hand, no proteomic investigation has been carried out on L. acidophilus-polyphenols interplay. However, it has been documented that a specific intestinal strain of L. acidophilus showed exceptional resistance to different tea polyphenol extracts, that were able to slow down the growth of other bacteria [24] . Similarly, the polyphenolic extract of Sesbania grandiflora flower, containing rutin as a major flavonoid, exhibited a growth promoting property against L. acidophilus [25] . Furthermore, rutin had no inhibitory effect on representative gut bacteria species and induced a slight growth stimulation of lactobacilli while its aglycone quercetin exhibited a strong growth inhibitory effect [26] . In this context, we carried out the first differential proteomic study on a model system constituted by a potential intestinal probiotic L. acidophilus strain and rutin. These preliminary results could be considered an initial step to reveal the impact of rutin on L. acidophilus metabolism and functional processes.
Materials and Methods
Bacterial growth and proteome extraction L. acidophilus DSMZ 20079 (Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Germany) samples were prepared by using a two-step procedure. Bacteria from slants kept at 4°C were inoculated into DE MAN, ROGOSA, SHARPE broth (MRS, Thermo Scientific, Basingstoke, UK) and incubated for 24 h at 37°C. Then, the bacterial suspension (1%, 2.0×10 8 colony forming unit/mL (CFU/mL)) was used to inoculate fresh medium without (control sample) and with rutin (250 μg/mL final concentration). As reported by Duda-Chodak, this rutin concentration was unable to exert any antimicrobial activity on several bacteria species including lactobacilli [26] . For each condition, four bacterial growths were monitored by plate counting on MRS agar incubated at 37°C for 48 h and measuring the optical density at 600 nm (OD 600 ) every two hours, in order to obtain the growth curves (S1 
2-DE and image analysis
Protein samples were separated by 2-DE [28, 29] . Samples containing 250 μg proteins were diluted in IPG strip rehydration buffer (8 M urea, 2% (w/v) CHAPS, 0.5% IPG buffer, 2% DTT and 0.5% bromophenol blue) and loaded on 24-cm IPG strips pH 4-7 (GE Healthcare, Amersham Biosciences AB, Uppsala, Sweden). Isoelectric focusing (IEF) was carried out at 20°C on the Ettan IPGphor Isoelectric Focusing System (GE Healthcare) to 69.5 kVh totally. After focusing, the IPG strips were equilibrated for 15 min in the equilibration buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30% glycerol, 2% SDS, 0.5% bromophenol blue) containing 1% DTT, and for further 15 min in the same equilibration buffer containing 2.5% iodoacetamide. The second dimension gel electrophoresis (SDS-PAGE) was carried out using the vertical slab separation unit Ettan Dalt II System (GE Healthcare). Homogeneous SDS 12.5% polyacrylamide gel was used in a Laemmli system at a constant current of 15 mA/gel and at 10°C [30] .
After separation, 2-DE gels were stained using Coomassie Blue Colloidal dye (Sigma-Aldrich). Stained gels were scanned with an Image Scanner (GE Healthcare) at 300 dpi resolution and analyzed with Image-Master 2D Platinum v.6 software (GE Healthcare) as already reported [31] . Briefly, spot detection was carried out using the optimized setting values for spot intensity, spot area and saliency, determined by applying real-time filters in order to minimize the detection of artifacts. After spot detection, manual spot editing was carried out to remove artifacts that escaped the filtering process. Three gels from the two biological replicates for each growth condition were used to create the two match sets. Relative spot volume (% vol), i.e. digitized staining intensity integrated over the area of the individual spot divided by the sum of volume of all spots in the gel and multiplied by 100, was used for spot quantification [32] . Spots present in all the gels of each group and exhibiting a significant intensity difference (> 1.5 fold change) between the two samples with a P value < 0.05, using the two tailored Student's t-test for equal or unequal variance (depending on the calculated variance of spots), were considered to contain differentially expressed proteins.
Protein identification and functional classification
Spots were excised from 2-DE gels and in-gel triptyc digestion was carried out following the procedure described by Shevchenko et al. [33] . MALDI-TOF-MS analyses were carried out on a Voyager DE PRO mass spectrometer (Applied Biosystems, Foster City, CA, USA) operating in positive-ion reflectron mode. Mass spectra were calibrated using as internal standards the monoisotopic peaks of angiotensin (m/z 931.5154) and adrenocorticotropic hormone (ACTH) fragment 18-39 (m/z 2465.1989) and data were processed using the DataExplorer 5.1 software (Applied Biosystems). Protein identification was achieved based on the mass spectral data using the Mascot Wizard tool for searches against the NCBInr database (http://www. matrixscience.com/). Parameters for all searches were as follows: all entries as taxonomic category, trypsin as enzyme, carbamidomethyl as fixed modification for cysteine residues, oxidation as variable modification for methionine residues, up to one missed cleavage and up to 50 ppm as mass tolerance.
Identified proteins were classified on the basis of their biological functions using the bioinformatics resource KEGG (Kyoto Encyclopedia of Genes and Genomes, http://www.genome. jp/kegg/).
Integrated function and protein interactions were explored using the database and web resource STRING v.9.1 (Search Tool for the Retrieval of Interacting Genes/Proteins, http:// string-db.org/). Active prediction methods used in our analysis were neighbourhood, coexpression, experiments, co-occurrence, databases and text mining, using custom confidence value of 0.600 [34] .
Results

Influence of rutin on bacterial growth
The impact of rutin on L. acidophilus growth was clearly shown by the growth curves reported in Fig 1. The polyphenol had no inhibitory effect, but it slightly affected bacterial growth, with L. acidophilus cells reaching the early stationary phase with a delay of four hours in the presence of rutin (22 h) comparing to control cells (18 h). However, no substantial differences were observed in cell viability in the stationary phase (S1 Table) . This observation suggested that a phase of adaptation to rutin was necessary to L. acidophilus, before it could initiate cell multiplication. Based on these results, the proteomic study was carried out on bacterial cells grown for 22 h in the presence of rutin and for 18 h in the control medium.
Proteomic analyses and functional classification of identified proteins
2-DE maps obtained from the analysis of L. acidophilus proteome contained about 430 spots (Fig 2) . By comparing the 2-DE map of L. acidophilus grown in the presence of rutin to that of control sample, 38 spots displayed a mean intensity variation higher than a 1.5 factor and 35 proteins contained in these spots were identified ( Table 1) .
The analysis of adjacent spots in the 2-DE maps led to the identification of the same protein in two cases, i.e. glyceraldehyde-3-phosphate dehydrogenase was identified in spots 264, 284 and 285, and ATP-dependent Clp protease subunit ClpE was identified in spots 50 and 54, thus indicating the presence of isoforms probably due to post-translational modifications. Two co-migrating proteins were identified in spot 382; this spot was not taken into account in the further analyses. Twenty-six proteins were present in higher abundance and eight proteins were present in lower abundance in the 2-DE map of cells grown in the presence of rutin. Spot 272, containing an outer surface protein, was detectable only in the 2-DE map of L. acidophilus grown in the presence of rutin. Functional classification of identified proteins was performed by KEGG and protein-protein interactions were analyzed using the web resource STRING (Table 2, Fig 3) . The network is presented under evidence view, whereby different line colors represent the types of evidence for the association, whereas proteins are represented as nodes. Fig 3 shows the interaction between 22 out of 34 identified proteins, found to be linked either directly or indirectly through one or more interacting proteins, suggesting the existence of functional linkages. Notably, STRING analysis highlighted three main functional modules forming tightly connected clusters. The first functional module (circled in purple in Fig 3) included proteins involved in the energy metabolism (kpyK, tpiA, ldhD, LAB0698, Table 2), the second one (circled in green in Fig 3) included proteins responsible for protein folding and degradation (groEL, grpE, LBA0638, clpP, hslIV, hslIU, Table 2), the last one (circled in red in Fig 3) included ribosomal proteins and translation factors (fusA, efp2, LBA0968, LBA1267). These functional analyses highlighted that rutin induced in L. acidophilus metabolic changes mainly affecting carbohydrate and amino acid metabolism. Moreover, protein synthesis and molecular processes necessary to assure proper protein folding and avoid protein aggregation were activated by rutin.
Discussion
Rutin is a polyphenol relevant for its antioxidant properties and its aglycone form (quercetin) has well documented positive effects on human health [4] . As most polyphenols, rutin is not absorbed in the small intestine and is metabolized in the gut by indigenous microbiota. Therefore, bioavailability and biological activity of rutin depend on the potential interaction with intestinal bacteria [7] [8] [9] . However, information on the molecular mechanisms underlying this interaction are still scarce. Lactobacilli could be leading actors in polyphenol degradation as they are able to efficiently hydrolyze the glycosidic moiety of flavonols and flavanones [3] .
In this context, a differential proteomic study was performed to investigate the adaptive response of a potentially probiotic L. acidophilus strain to the presence of rutin in the growth medium. In our conditions, the presence of rutin induced a growth retardation, although cell viability in the stationary phase did not changed significantly (Fig 1) . A similar effect was also displayed by other phenolic compounds on some Lactobacillus species, in particular tannic acid on L. plantarum [13] , and p-coumaric acid on L. casei [15] . On the contrary, the Changes in protein levels are reported as the ratio between the relative spot volume from L. acidophilus grown in the presence of rutin and L. acidophilus grown in control conditions (Vrutin/Vcontrol) for increased proteins and as the negative reciprocal values (-Vcontrol/Vrutin) for decreased proteins.
Changes in protein levels >1.5 have been considered significant. Average fold change for proteins contained in more than one spot has been calculated considering the relative spot volume of all the spots containing the same protein and a fold change >1.5 has been considered significant. polyphenol extract from Sesbania grandiflora flower, containing rutin as a major flavonoid, had a growth promoting property on L. acidophilus. However, this effect could be partially due to the synergic action of other polyphenols present in the extract [25] . Proteomic data were analyzed by STRING, which is a web resource aimed to predict proteinprotein interactions, considering both physical and functional associations and integrating information from numerous sources, including experimental repositories, computational prediction methods and public text collections [34] . STRING analysis led to define three main functional modules forming tightly connected clusters that included proteins involved in the energy metabolism, protein folding and degradation, and ribosomal proteins and translation factors (Fig 3) .
In particular, rutin induced stress conditions in bacterial cells, that elicited a response by activating the production of proteins belonging to the protein quality control systems such as the folding and degradation machineries to promote refolding and proper protein assembly, prevent aggregation phenomena and hydrolyze damaged proteins. These molecular mechanisms are regarded as general stress response systems in lactobacilli [35] . In fact, an increased abundance of heat shock protein GrpE, molecular chaperone GroEL, and ATP-binding subunits ClpE and ClpP of ATP-dependent Clp protease (included in the cluster circled in green in Fig 3) was observed in cells grown in the presence of rutin. Moreover, the overexpression of HslV protease and HslU ATPase that compose the two-component proteasome-related prokaryotic system (Table 2) , the bacterial homologue of the eukaryotic 20S proteasome core particle, well documented the need to degrade damaged or misfolded proteins in order to maintain cellular homeostasis [36] .
In addition, rutin induced the activation of glycolysis as the key enzymes glyceraldehyde-3-phosphate dehydrogenase and pyruvate kinase (included in the cluster circled in purple in Fig  3) were overexpressed in cells grown in the presence of this molecule. An increase of ATP production should be necessary to sustain the activity of the ATP-dependent folding and degradation systems. A similar trend has been also associated to the effect of tannic acid on L. plantarum [13] .
The increased level of pyruvate kinase could also parallel with the higher expression level of branched-chain amino acid aminotransferase. This enzyme is involved in both biosynthesis and catabolism of branched-chain amino acids (BCAA) and catalyzes the final step of the conversion of pyruvate into BCAA in the biosynthetic pathway and the first step of BCAA degradation that leads to the production of α-keto acids in the catabolitic pathway. These are precursors of branched chain fatty acids, molecules that affect bacterial membrane fluidity. In Streptococcus mutans, BCAA aminotransferase played a key role in conferring acid tolerance and the biosynthesis of BCAA was proposed as a way to maintain proper intracellular pH conditions [37, 38] . Overexpression of this protein was also reported in acid-stressed L. plantarum 423 cells [39] . In this light, it could be suggested that this enzyme might also play a role in the adaptive response to rutin in L. acidophilus.
Our results also suggested that the presence of rutin could negatively affect cell wall integrity. In fact, a decreased amount of bifunctional N-acetylglucosamine-1-phosphate uridyltransferase/glucosamine-1-phosphate acetyltransferase (GlmU) and D-lactate dehydrogenase in bacteria grown in the presence of rutin was found. GlmU is a bi-functional enzyme that catalyzes the last steps of the synthesis of UDP-N-acetylglucosamine (UDP-GlcNAc), one of the main precursors of bacterial cell wall peptidoglycan, from fructose-6-phosphate [40, 41] while D-lactate dehydrogenase catalyzes the conversion of pyruvate into D-lactic acid, the last residue incorporated in the muramoyl-pentadepsipeptide peptidoglycan precursor [42] .
We observed an increased amount of proteins with oxidoreductase activity in cells grown with rutin that could trigger their expression to withstand oxidative stress, as already reported for other phenolic compounds [14] . However, the overexpression of oxidative stress related proteins could also take part in the general stress response mechanism.
Our data indicated that the presence of rutin strongly affected protein synthesis and cells needed to promote ribosomal activity. Worth noting, the abundance of 30S ribosomal protein S1, EF-P, EF-G and ribosome recycling factor Rrf, that are connected in the cluster circled in red in Fig 3, increased in L. acidophilus grown in the presence of rutin. EF-G catalyzes the movement of the tRNA-mRNA complex within the ribosome during translocation, while ribosome recycling factor Rrf, in conjunction with EF-G and Initiation Factor 3 (IF3), promotes the dissociation of the ribosome into its subunits in order to recycle ribosomes for a new round of translation. EF-P stimulates the first step of peptide bond formation through an interaction with the ribosome and initiator tRNA and rescues the ribosome stalling that occurs mainly during the synthesis of proteins containing consecutive prolines [43, 44] . Recently, it has also been indicated a key role of EF-P in the translational regulation of a subset of proteins involved in stress tolerance [43, 45] . Proteomic studies already showed that the growth in the presence of tannic acid induced an overexpression of ribosomal proteins and elongation factors in L. plantarum also associated to the prolongation of cell viability [13] . Moreover, the abundance of these proteins mostly increased in response to acid and bile exposure in other lactobacilli and bifidobacteria [46] .
Interestingly we observed that cells grown in the presence of rutin expressed an outer surface protein that contained a glycoside hydrolase domain. This protein showed a high sequence identity with a PTS (PhosphoTransferase System) associated protein of other lactobacilli, a complex system involved in the uptake and metabolism of oligosaccharides [47] . As a biological function of this protein has not been established yet, it could not be ruled out a specific role in the degradation of the glycosidic moiety of conjugated polyphenols.
In conclusion, this study provided a first overview of the lactobacilli-flavonoids interplay and showed that adaptive response to rutin modulated the expression level of proteins known to be involved in general stress response mechanisms, in particular to acid and oxidative stresses. Due to cross-protection phenomenon [35, 48] , drastic stress conditions faced by lactobacilli during the gastro-intestinal transit should prepare these bacteria to better tolerate diet polyphenols so that they might contribute to the metabolism of these compounds.
Supporting Information S1 Table. L. acidophilus growths in control conditions and in the presence of rutin. Four bacterial growth for each condition were monitored by optical density at 600 nm (OD sheet) and by plate counting (CFU sheet). (XLSX)
